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Transgene expression proﬁleTransgenes in commercially available genetically modiﬁed plants are generally controlled by strong constitutive
promoters to ensure a high level of expression at all stages of cultivation. Constitutive promoters however are
inﬂuenced by a wide range of factors, and expression proﬁles of the transgenes in multiple genetic backgrounds
have not yet been extensively studied. In this study a powerful expression proﬁling methodology for transgenic
maize (Zea mays L.) is demonstrated on a large scale, analysing thousands of data points from three genotypes of
herbicide and insect pest tolerant transgenic maize. Martonvásár inbred lines were crossed with LH244 maize
line containing the MON 88017 events, and leaf tissue from the sixth backcross generation was sampled at
four relevant phenological phases. Relative expression levels were determined using 18S rRNA as a reference
and detailed statistical analysis performed. Expression levels of both transgenes are varied throughout plant
development, and the interaction between the genetic background and phenophase are signiﬁcant (pb0.05).
Expression is present at a signiﬁcant level throughout all the phenological stages. We found that the genetic
background has a signiﬁcant (pb0.01) effect on transgene expression levels in the case of the CP4epsps trans-
gene, but not in the case of cry3Bb1, implying that the sensitivity of different constitutive promoter constructs
to the effects of the genetic background is different.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
In recent years commercial acceptance and use of genetically
engineered crops has been rapidly expanding, the accumulated
hectarage exceeding 1 billion hectares by 2011 (James, 2012). These
plants offer advantages over traditional cultivars that are very desir-
able and economically advantageous, like increased yield, resistance
to various biotic and abiotic stress factors or better nutritional value
(James, 2012). Research into new uses of transgenic plants is very
promising and in the near future applications like plant bioreactors
expressing pharmaceuticals or edible vaccines may become available
(Lal et al., 2007; Sharma and Sood, 2011), increasing the demand
for genetically engineered plants to even higher levels. As the impor-
tance of such plants becomes more pronounced, the drawbacks
need to be even more carefully considered. The early generations ofepsps, A. tumefaciens CP4
ry3Bb1, Bacillus thuringiensis
ent of variation; R0, anthesis
lly mature phenophase; V4-6,
by Elsevier B.V. All rights reservedgenetically engineered cultivars are often criticized for the fact that
constitutive promoters are responsible for transgene regulation and
the presence of transgenic proteins in certain tissues is unnecessary
and undesirable (Bates et al., 2005). Careful monitoring of expression
patterns and levels is thus very important in these cases, providing
vital information for the public and breeders alike and is also useful
for the further improvement of genetically engineered cultivars.
Maize cultivars authorized for growth carry genes for glyphosate
herbicide tolerance, resistance to certain insects or both. Glyphosate
herbicide tolerance is achieved through the introduction of the epsps
gene from the Agrobacterium tumefaciens strain CP4, encoding an herbi-
cide tolerant form of the enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (CP4 EPSPS). Glyphosate tolerance allows farmers tomake use
of the Roundup® family of herbicides, one of the widest-spectrum
herbicides available. Maize has a variety of insect pests, mainly from
the Lepidoptera (like corn borer species, fall armyworm and corn
earworm) and Coleoptera (like various corn root worms and the maize
weevil) clades, that are responsible for large crop losses in susceptible
cultivars. Biotech maize was developed to battle these pests and
some presently available cultivars carry multiple transgenes, providing
high level of protection against a wide range of insects (Hofte and
Whiteley, 1989). The transgenic proteins utilized for pest control origi-
nate from Bacillus thuringiensis (Bt),which is a spore-formingbacterium.
Table 1
Real-Time PCR primers used for ampliﬁcation of 18S rRNA, cry3Bb1 and CP4 epsps.
18S rRNA 18SF — GAT TCC GGT CCT ATT GTG TTG
18SR — TTT CGC AGT TGT TCG TCT TT
cry3Bb1 BTF — GCC ACC ACG AAC TCC AAC
BTR — AGA CGA AGG ACT CAG CAC CA
CP4 epsps MONCP4F — TCG TCG GGG TCT ACG ATT T
MONCP4R — ACC GTC TTC CGA TTT CAC CT
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These inclusions may contain one or more types of insecticidal crystal
proteins (ICPs). Numerous distinct crystal protein (cry) genes coding
for insecticidal Cry proteins of different amino acid sequence, size
and structure have been identiﬁed (Crickmore et al., 1998). Each class
of Cry proteins is characterized by a narrow range of susceptible target
organism species offering very target oriented pest-management
by application of selected Cry-proteins as insecticides (Hofte and
Whiteley, 1989). Insect resistance traits in genetically engineered
maize are conferred by the genes cry1A.105, cry2Ab and/or cry3Bb1
that encode the B. thuringiensis derived delta-endotoxins, which
are active against Lepidopteran (cry1A.105 and cry2Ab) or Coleopteran
insect pests (cry3Bb1).
As all of the transgenes in question are regulated by various strong
constitutive promoters in commercially available cultivars, it is important
to be aware of the level of transgene expression in different tissues
throughout plant development. The constructs in the transgenic plants
harbouring the MON 88017 event (which carry the CP4 epsps and
cry3Bb1 constructs) are the CaMV 35S promoter with the duplicated
enhancer region 5 UTR from wheat chlorophyll a/b-binding protein to-
gether with the rice actin gene ﬁrst intron and terminated by the 3
untranslated region from wheat heat shock protein tahsp17 3 (cry3Bb1)
and the rice actin I promoter and intron sequences with a chloroplast
transit peptide from A. thaliana and terminated by the nos-terminator
from the A. tumefaciens nopaline synthase 3 -untranslated region (CP4
epsps) (CERA, 2010). For effective pest control and sufﬁcient herbicide
tolerance, a given protein level in certain plant tissues needs to be present
during the entire vegetation period, therefore transgene expression
should be continuous. Constitutive promoters are expected to provide a
constant level of transgene expression in most tissues throughout plant
development. Unfortunately there is little literature available onwhether
this is true in case of genetically engineered maize. The expression levels
of transgenes throughout the whole vegetative period in genetically
engineered maize have not yet been studied. Real-time PCR (Pierce et
al., 2000; Tyagi and Kramer, 1996) was found to be an effective tool for
the detection and quantiﬁcation of transgene expression in genetically
modiﬁed maize (Huang and Pan, 2004; Shindo et al., 2002), but only
mature seeds were examined. In a previous article, a Real-time PCR
methodwas adopted and customized for our group to efﬁciently quantify
transgene expression in multiple tissues of maize throughout the entire
vegetation period (Bakó et al., 2011). This method proved to be excellent
for the expression proﬁling of the cry3b1 gene in back-cross generations
(BC3) of transgenic maize derived from the MON 88017 event. Even
though our previous results showed expression of the transgene in all
phenological states of BC3 generation plants, there is no guarantee that
is the case in other cultivars with different genetic backgrounds. There
have been no reports so far of studies concerning expression proﬁling of
transgenes in back-crosses of different genotypic backgrounds. To explore
the viability of constitutive promoters for genetically engineered maize,
in the last three years extensive experiments were carried out to assess
expression proﬁles of multiple genetically engineered Martonvásár lines
across several back-cross generations (up to BC6). Leaf expression levels
and proﬁles of both transgenes in three lines derived from the MON
88017 events are presented here, complete with statistical analysis.
2. Materials and methods
2.1. Plant material, sample collection and processing
Eighteen independent crosseswere performedbetweenMartonvásár
inbred lines and the LH244maize line containing theMON 88017 event,
and seven backcross generations (BC1–BC7) were grown in Borovce,
Slovakia and near Buin, Chile. The ratio of transgenic progeny in each
backcross generation was very close to the expected 50%. All the trans-
genic individuals in the backcross generations are hemizigous and as
such contain a single copy of both CP4 epsps and cry3Bb1 genes. As thetransgenes in all of the individuals originated from a single transforma-
tion event, the position of both transgenes remained constant through-
out the generations. From every generation the individuals surviving
herbicide treatment were screened for the presence of both transgenes.
Leaf tissue samples (mid-region of topmost mature leaf) from six plants
(BC6) of three different genotypes; HMV5339 Stiff Stalk [203], HMV5422
non-related [205] and HMV5361 non-related [206] were collected at
four phenological stages: young plants with 4–6 leaves [V4-6], anthesis
[R0], the milky stage of seed development [R3] and physiological matu-
rity [R6]. All of the samples were collected from transgenic plants that
survived the herbicide treatment. Collection and processing of plant
material is described in detail in Bakó et al. (2011). Plants from each
genotypewere grown in ﬁve rows of 30 plants. To ensure a homogenous
sample pool and no human bias in sample collection, one random
plant was chosen from each of the ﬁve rows, one additional plant from
the 5th row of the plot for each genotype. The plants were appropriately
labelled, and all sampling performed on the chosen plants at the afore-
mentioned phenological states, resulting in four times six random sam-
ples per genotype.
2.2. Reverse transcription, PCR, RT-PCR and Real-Time PCR
Processing of samples was started immediately after their acquisition,
following the general guidelines established by the European Commis-
sion Joint Research Centre protocol for the quantiﬁcation of MON88017
transgenic maize (available online at http://gmo-crl.jrc.ec.europa.eu/
summaries/MON88017_val_report_correctedVersion1.pdf, JRC European
Commission, 2010). Leaf samples were collected into Eppendorf tubes
containing Ambion (Austin, TX, USA) RNA later solution and kept on
dry ice until arrival to the laboratory and then transferred to a −75 °C
deep freezer. RNA extraction was performed using Qiagen Rneasy Plant
Mini Kits and the optimized conditions described in Bakó et al. (2011).
Reverse transcription and Real-Time PCR was also carried out as in Bakó
et al. (2011), using the Fermentas International (Burlington, ON, Canada)
RevertAid ﬁrst strand cDNA synthesis kit, with randomhexamer primers,
according to the manufacturer's instructions (5 μl of RNA sample was
added per reaction or in the case of samples with a concentration greater
than 1 μg/μl, 5 μgwas added). cDNAwas stored at−20 °C. 18S rRNAwas
chosen as the endogenous control for Real-Time PCR (found to be the
most reliable by Bakó et al. (2011); primers shown in Table 1). Reverse
transcription was performed in three separate reactions for each sample,
to ensure a more representative sample pool. Random hexamer primers
were found to bemore effective thanoligodT for the oftentimes lowqual-
ity RNA from the usually senescent plants in the R6 phase, therefore ran-
dom hexamer primers were used for all phenophases. All Real-Time PCR
primers were designed using the PRIMER3 software (Rozen and
Skaletsky, 2000), according to the instructions given in Applied
Biosystems, 2004. The primers were obtained from Invitrogen GmbH,
Karlsruhe, Germany. Reverse transcription was performed in three sepa-
rate reactions for each sample, to ensure a more representative sample
pool. The lack of genomic DNA contamination in the RNA samples was
veriﬁed by conventional RT-PCR without reverse transcriptase, while
the presence of maize cDNAwas conﬁrmed by RT-PCRwith reverse tran-
scriptase. Real-Time PCR reactions (Applied Biosystems, 2005a, 2005b)
were performed in triplicates, with four technical replicates for each
cDNA sample, resulting in 36 distinct data points for each plant sample
(3 genotypes, 6 plants from each genotype, 4 phenophases, 2 transgenes,
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cates within one Real-Time plate, 5184 data points). Dissociation curve
analyses were performed after Real-Time PCR reactions to conﬁrm the
absence of nonspeciﬁc products. Reactions with nonspeciﬁc products or
without product were not included in further analysis. In case all techni-
cal replicates of a sample had to be discarded, the sample was considered
to contain no detectable target. Efﬁciency and linearity of PCR was evalu-
ated for 18S rRNA, CP4 epsps and cry3Bb1 (Bakó et al., 2011). In all cases,
the amount of sample used in relative quantiﬁcation assays fell in the lin-
ear section of the efﬁciency curve. Differences in the slope of the curve –
Ct vs. log (template quantity) – between endogenous control primer pairs
and transgene speciﬁc primer pairs anddifferences in slope from the ideal
−3.322 (log210, 100% efﬁciency)was b0.1 in each case (necessary condi-
tions for relative quantiﬁcation, Applied Biosystems, 2005b).
2.3. Statistical analysis
The threshold cycles (Ct) of the transcripts in the samples were
calculated by the Real-time PCR software and data were exported to
Microsoft Excel. Data analysis was carried out using the comparative Ct
method described in Bookout and Mangelsdorf (2003). All statistical
data were calculated in Excel (using the formulas published in Bookout
and Mangelsdorf (2003), see Fig. 1); the relative expression diagrams
were also plotted in Excel. Data analysis was carried out using the
comparative Ct method described in Bookout and Mangelsdorf (2003).
Formulas used for statistical analysis are collected in Fig. 1. For each
plant sample three separate reverse transcriptions were performed, and
Real-time PCR reactions were carried out in triplicates, with four techni-
cal replicates. The Ct values of both transgenic RNAs (CP4 epsps and
cry3Bb1) were determined and the results were used to calculate the
average Ct (avg) of the four technical replicates, the standard deviation
of the average (stdev) and the coefﬁcient of variation (CV) of the average.
Single wells with no detectable expression or unspeciﬁc products were
not included in the calculations. Average cycle time (Ct), standard devia-
tion (stdev) and coefﬁcient of variation (CV) were calculated for each of
the three replicates of a sample. The mRNA levels for both transgenes
were normalized to the reference gene, 18S rRNA, to compensate for
cDNA loading differences: for each cDNA transcription, the average Ct
was normalized to the average Ct of the reference gene for the same
sample to calculate the normalized Ct (ΔCt) for either transgene. The
standard deviation of the ΔCt was also calculated. Average ΔCt for a
given plant sample was calculated from the ΔCt values of the three
separate cDNA transcriptions (avg). If the CV exceeded 4%, the average
of the outlier cDNA transcription was discarded from the calculations.Fig. 1. Formulas and expressions used for statistical analysis of Real-time PCR data
(Bookout and Mangelsdorf, 2003). Abbreviations used: gene of interest (GOI), reference
(ref), coefﬁcient of variation of the average (CV), average (avg), standard deviation
(stdev), the standard deviation of the average (stdev), average cycle time (Ct), normalized
Ct (ΔCt), fold change (ΔΔCt) and standard error of the mean (SEM). See details in the 2.3
section.The calibrator was chosen to be the sample with the lowest measured
mRNA level for a given transgene. The relative expression level of this
samplewas given the value of 1.0, and all other relative expression levels
in case of both transgenes determined in relation to it. The calibrated
value (calculated from ΔΔCt), was also given for each sample. Averages
of the sampled plants of each genotype were calculated and plotted.
The error bars on the plotted diagrams are given as the standard error
of the mean (SEM). To evaluate the signiﬁcance of the effect the geno-
types and phenophases had on expression levels, two-way ANOVA was
performed in Microsoft Excel, including interaction calculations.3. Results and discussion
Results of conventional RT-PCR without reverse transcriptase
showed that there was no genomic DNA contamination in the samples,
whereas RT-PCR with reverse transcriptase conﬁrmed the presence
of maize cDNA. Relative expression levels of cry3Bb1 and CP4 epsps
compared to the 18S rRNA were calculated for every sample. Mean
expression levels were determined for both of the transgenes in every
plant sampled. The resulting relative expression data were used to
analyze characteristic expression levels at the four phenological phases
and also overall expression proﬁles of the three genotypes.
The gene expression levels of six individual plants for each transgene
and phenophase in genotype HMV5422 non-related [205] are presented
in Fig. 2. In some plant samples there is no expression at full maturity
(R6), due to the absence of transgenic RNA (i.e. senescent leaves) leading
to no detectable speciﬁc product in the Real-Time PCR reactions. The
expression levels of the transgenes were varied in the three genotypes,
but the expression trends show high similarity (Fig. 3). Gene expression
was found to be variable between individuals in the same phenophase in
all genotypes. The highest variation is present in the plants at anthesis for
the CP4 epsps gene and in the milky phase of seed development for
cry3Bb1. As the transgenes in each genotype are from the same MON
88017 event and the individuals are the result of the same back-cross,
the variation in expression levels in plants of the same genotype was
expected to be low, resulting only from environmental factors and the
subtle variation of the genetic background. Our results, however, show
that substantial (up to tenfold) differences in relative expression may
be present in plants grown on the same plot, only a few meters apart.
However, the ANOVA test conﬁrms the strong signiﬁcance of the genetic
background (the Martonvásár parent used for back-crossing) on the
expression levels (pb0.01) of CP4epsps. The effect of the sampling
phenophase and the interaction between the genetic background and
phenophase are also signiﬁcant (pb0.05 in both cases), explaining the
differences in expression throughout the vegetation period and the
differences in the expression trends observed in the genotypes. As the
position of the transgenes is constant, these ﬁndings emphasize how
even small differences in the genetic background can lead to signiﬁcant
variation in transgene expression levels, making transgene expression
proﬁling important even when transgenes are introduced into new cul-
tivars by traditional breeding. For cry3Bb1, ANOVA conﬁrmed that the
phenophase has a signiﬁcant effect on the expression level (pb0.05),
whereas the effect of the genetic background is insigniﬁcant in the case
of this transgene (p>0.20). The interaction between the genetic back-
ground and phenophase is signiﬁcant (pb0.05), showing that the trends
of cry3Bb1 expression are different in lines with different genetic back-
grounds, throughout the plant development. This means that even
though the genetic background does not inﬂuence the overall cry3Bb1
expression level, it inﬂuences the expression trend, which is equally
important when evaluating transgenic lines during development. The
use of multiple cDNA transcripts for each RNA sample and the technical
replicates ensure the biological signiﬁcance of the observed relative
expression levels. The high number of repeats is essential to ensure
that the variation is due to the biological backgroundandnot to sampling
or experimental errors.
Fig. 2. Cry3Bb1 and CP4 epsps relative expression levels of individual sample plants (1–6) in genotype HMV5422 non-related [205] throughout the phenophases (young plants with
4–6 leaves [V4-6], anthesis [R0], the milky stage of seed development [R3] and physiological maturity [R6]). Expression levels are represented relative to 18S rRNA levels, as the
levels of individual plants divided by the R6 phase levels of the CP4 epsps gene as a calibrator. Gene expression was found to be variable between individuals in the same
phenophase in all genotypes. Substantial (up to tenfold) differences in relative expression can be observed between some plants. The highest expression levels and also largest
variation is present in the plants at anthesis for the CP4 epsps gene and in the milky phase of seed development for cry3Bb1. In this genotype the lowest expression levels for
both transgenes are seen at full maturity (R6). In some plant samples there is no expression at full maturity (R6), due to absence of RNA (i.e. senescent leaves) leading to no
detectable speciﬁc product in the Real-time PCR reactions.
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can be seen in Fig. 3. A signiﬁcant amount of transgene expression
was found throughout the phenophases in all three genotypes. Trans-
gene expression is therefore present at a signiﬁcant level throughout
all the phenological stages, even in fully mature plants ready to
harvest, protecting the plants from pest and herbicide damage at all
times during the plants' life cycle. The expression levels were not
constant; a substantial variance between developmental phases was
clearly present. In case of CP4 epsps the expression levels were gener-
ally found to be the highest in young (V4-6) plants, and slowly
decreasing as the plant ages (Fig. 3). The initial expression levels
can be up to ten times higher than levels in the later stages of devel-
opment. Plant development and growth are more substantial in the
earlier stages. Overall more active cell metabolism might explain
the higher expression levels observed in these stages. Herbicide treat-
ment is usually applied in the earlier phenological stages. The herbi-
cide resistance trait is superﬂuous after the treatments, and lower
transgenic protein content in mature plants is a welcome feature.
The lower expression in later plant development stages also frees
up valuable resources for plant growth, thus enabling higher yields.
This trend is apparent in two of the three genotypes ([205] and
[206]). In the third genotype [203] the gene expression levels in the
mature phase exceeded all other phases. The reason for this is
unclear, but as the plants in the physiologically mature phenophase
are usually senescent, with almost no RNA synthesis at that stage,Fig. 3. Characteristic average CP4 epsps and cryBb1 transgene expression levels in different p
development [R3] and physiological maturity [R6]) during plant development in all three g
Expression levels are represented relative to 18S rRNA levels, as an average of the levels of th
HMV5422 non-related [205] as a calibrator. Transgene expression is variable between ph
elevates again at full maturation (R6). The lowest transgene expression levels can be observ
in the genotype [205]. Cry3Bb1 expression shows an overall decrease during developme
phenophases characterized with the highest expression of cry3Bb1 levels were different in
a general decreasing trend could be observed in cry3Bb1 expression levels, but expression
R3 for [205] and R6 for [206]). CP4 epsps expression levels were found to be the highest in y
[203], where gene expression levels in the mature phase (R6) exceeded all other phases. Tw
maturation than at the “milky” phase (R3) of development.the differences in RNA half-life between the transgene and reference
gene may contribute to the understanding of this phenomenon.
Cry3Bb1 expression also shows an overall decrease during develop-
ment, although the trends are less deﬁnitive and more variable
between genotypes. The phenophases characterized with the highest
expression of cry3Bb1 levels were different in every genotype. Earlier
phenophases tended to have higher levels of expression, and a gen-
eral decreasing trend could be observed in cry3Bb1 expression levels,
but expression spiked in certain phenophases, which were different
for each genotype (R0 for [203], R3 for [205] and R6 for [206]).
The average levels of CP4 epsps expression were comparable to
cry3Bb1 levels in all genotypes. Gradually decreasing expression
levels are observable in case of both transgenes, but expression spikes
in certain later phenophases. It is clear that constitutive promoters do
not grant a stable, unchanging level of expression through all phases
of plant development, but ensure a signiﬁcant amount of transcript
during the whole vegetative period of the plant.
We demonstrated our previously developed expression proﬁling
methodology on a large scale, analyzing thousands of data points,
obtained from multiple genotypes of plants in various developmental
stages, establishing it as a powerful tool for expression studies inmaize.
Our data show that the expression levels of both transgenes are
varied throughout plant development in our inbred lines. Expression
is present at a signiﬁcant level throughout all the phenological stages,
even in fully mature plants ready to harvest, meaning that the proteinshenophases (young plants with 4–6 leaves [V4-6], anthesis [R0], the milky stage of seed
enotypes are shown. The error bars are given as the standard error of the mean (SEM).
e six individual plants divided by the R6 phase levels of the CP4 epsps gene in genotype
enophases in all genotypes, but is generally higher in younger plants and sometimes
ed during the milky phase (R3) of development, except for the very high cry3Bb1 levels
nt, although the trends are not deﬁnitive and are variable between genotypes. The
every genotype. Earlier phenophases tended to have higher levels of expression, and
spiked in certain phenophases, which were different for each genotype (R0 for [203],
oung (V4-6) plants and more rapidly decreasing as the plant ages, except for genotype
o ([203] and [206]) of the three genotypes showed higher CP4 epsps expression at full
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plants' life cycle. This observation supports the viability of constitutive
promoters in genetically engineered maize. We also found that the
genetic background has a signiﬁcant effect on transgene expression
levels in the case of the CP4epsps transgene. Even though constitutive
promoters are thought to provide relatively stable levels of expression
during any developmental phase, different expression proﬁles could be
established for each of the transgenes. Both the sampling phenophase
and the interaction between the phenophase and the genetic back-
ground signiﬁcantly inﬂuence the expression levels of the transgenes.
The latter provides an explanation for the variance found in expression
trends of different genotypes. In both cases gene expression tended to
be higher in younger plants than in fullymature ones, but the expression
proﬁles were varied between genotypes. These results underline the
importance of thorough testing of transgenic cultivars in the making, as
the subtle variances in the genetic background of the parents can have
a signiﬁcant effect on transgene expression levels and expression trends,
even though the position of the transgenes in the genome is the same.
The fact that the effect of the genetic background on the overall expres-
sion of Cry3Bb1 is insigniﬁcant – on the contrary to the case of CP4epsps –
shows that the sensitivity of different constitutive promoters/promoter
constructions to the effects of the genetic background is different. This
opens a wide ﬁeld for improvement in transgenic plant development,
underlines the importance of selecting the right promoter elements for
each transgenic construct, and taking the genomes of target cultivars
also in consideration.
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